Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neurodegenerative disorder that affects some adult carriers of pre-mutation alleles (55 -200 CGG repeats) of the fragile X mental retardation 1 (FMR1) gene. FXTAS is thought to be caused by a toxic 'gain-of-function' of the expanded CGG-repeat FMR1 mRNA, which is found in the neuronal and astrocytic intranuclear inclusions associated with the disorder. Using a reporter construct with a FMR1 5 0 untranslated region harboring an expanded (premutation) CGG repeat, we have demonstrated that intranuclear inclusions can be formed in both primary neural progenitor cells and established neural cell lines. As with the inclusions found in post-mortem tissue, the inclusions induced by the expanded CGG repeat are aB-crystallin-positive; however, inclusions in culture are not associated with ubiquitin, indicating that incorporation of ubiquitinated proteins is a later event in the disease process. The absence of ubiquitinated proteins also argues against a model in which inclusion formation is due to a failure of the proteasomal degradative machinery. The presence of the expanded CGG repeat, as RNA, results in reduced cell viability as well as the disruption of the normal architecture of lamin A/C within the nucleus. This last observation, and the findings that lamin A/C is present in both the inclusions of FXTAS patients and the inclusions in cell culture, suggests that lamin A/C dysregulation may be a component of the pathogenesis of FXTAS; in particular, the Charcot-Marie -Tooth-type neuropathy associated with FXTAS may represent a functional laminopathy.
INTRODUCTION
Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neurodegenerative disorder that affects many older adults who are carriers of premutation alleles (55 -200 CGG repeats) of the fragile X mental retardation 1 (FMR1) gene (1 -6) . It is estimated that at least one-third of males (and a smaller number of females) who harbor premutation alleles will develop FXTAS, suggesting that as many as 1 in 3000 -5000 males in the general population may have a lifetime risk of developing FXTAS (7) . The core features of FXTAS include progressive intention tremor and/or gait ataxia, with onset typically after 50 years. Ancillary features often include peripheral neuropathy, autonomic dysfunction, parkinsonism and progressive cognitive and behavioral difficulties (memory loss, anxiety, executive deficits) leading to dementia. Characteristic neuroradiological findings include symmetric hyperintensities of the middle cerebellar peduncles (MCPs) on T2-weighted MR imaging (MCP sign) (2, 5) .
Post-mortem neuropathological examination reveals the presence of ubiquitin-positive, intranuclear inclusions in neurons and astrocytes. Although the inclusions are most abundant in the hippocampus and frontal cortical regions, they are found in broad distribution throughout the brain, brainstem and spinal cord (8, 9) . The neuropathology of # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org FXTAS also includes white matter disease that is evident in both cerebrum and cerebellum, with cerebellar axonal degeneration and spongiform changes in the deep cerebellar white matter and MCPs (5, 8, 9 ).
An important characteristic of FXTAS is that it appears to affect only the carriers of premutation alleles, who have normal or near-normal FMR1 protein (FMRP) levels in both peripheral blood leucocytes and brain tissue (1, 2, 4, 5, 10) . Were FXTAS to arise as a consequence of reductions or absence of FMRP, the basis of fragile X syndrome (11) , individuals with full mutation alleles (.200 CGG repeats) would be the principal population affected by the neurological disorder. Furthermore, levels of the expanded CGG-repeat FMR1 mRNA are elevated by as much as 5 -8-fold in premutation carriers (12 -14) . These observations, coupled with the fact that the CGG repeat is located in the 5 0 -untranslated region (5 0 -UTR) of the FMR1 message, have led to the hypothesis that FXTAS is the consequence of a toxic 'gain-of-function' of the FMR1 mRNA itself (1, 8, 15) . In support of this hypothesis, Jin et al. (16) demonstrated that expression of the CGG expansion (with a reporter gene) was sufficient to trigger neurodegeneration and inclusion formation in Drosophila melanogaster.
The RNA toxicity hypothesis for FXTAS is based on the paradigm established by the myotonic dystrophies, DM1 (DMPK gene) and DM2 (ZNF9 gene) (reviewed in 17 -19) . A key element of the DM model is that both expanded (CUG)-repeat (DMPK or ZNF9) mRNAs and protein components are linked to downstream pathogenic mechanisms. If a similar mechanism were operating with FXTAS, examination of the inclusions should reveal both the RNA target and the candidate RNA binding proteins. We have recently verified the first key prediction of this model; namely, the presence of the FMR1 mRNA in the inclusions (10) .
In the current work, we demonstrate that the expanded (CGG)-repeat 5 0 -UTR in the context of a green fluorescent protein (GFP) reporter plasmid is sufficient to give rise to intranuclear inclusions in two different types of cultured human neural cells, an immortalized line (SK) and primary neural progenitor cells. In addition, transfection with the expanded CGG-repeat plasmid is accompanied by reduced cell viability in a manner that does not appear to require inclusion formation. We have also found that at least two proteins, aB-crystallin (20 -23) and lamin A/C (24), in the intranuclear inclusions of FXTAS cases (25) , are present in the inclusions formed in cell culture. However, the inclusions in culture do not contain ubiquitin, unlike their counterparts in FXTAS cases (8, 25) , indicating that the reduced cell viability is not due to the failure of ubiquitincoupled protein degradation (26 -28) . Finally, the presence of lamin A/C in the inclusions of FXTAS (25) , and the current observation that the lamin A/C nuclear architecture is disrupted in cells transfected with expanded CGG-repeat plasmids, suggests that the neuropathology of FXTAS may be mediated, at least in part, by dysregulation of lamin A/ C function. This last possibility would be consistent with the peripheral neuropathy that is common among FXTAS patients.
RESULTS
Intranuclear inclusions form in human neural cells transfected with GFP reporters possessing the FMR1 5
-UTR with 88 CGG repeats
To analyze the effects of expanded CGGs on cultured neural cells, SK cells were transfected with plasmids containing an 88 CGG repeat element in the 5 0 -UTR of a GFP reporter; mock-transfected cells and cells expressing GFP with a heterologous 5 0 -UTR under cytomegalovirus (CMV) control were used for comparison. Initial studies were performed using plasmid DNA concentrations ranging from 10 ng to 1 mg per million cells (in 100 ml of mouse astrocyte nucleofector solution/sample) ( Table 1) . Cells were fixed at 1, 4 and 8 days post-transfection, followed by immunostaining for aB-crystallin, which is a component of FXTAS inclusions (25) . No differences in aB-crystallin localization were observed in cells transfected with the lowest concentration (10 ng per million cells) of expanded CGG-repeat plasmid at any of the time points. With either 200 ng or 1 mg of CMV -FMR(CGG) 88 -GFP plasmid per million cells, intranuclear inclusions were observed in at least 2% of nuclei ( Fig. 1 ) at 8 days post-transfection. No inclusions were found in mock-transfected SK cells or in cells expressing CMV -control -GFP. Cell viability was reduced for the highest concentration of plasmid (data not shown). Therefore, the optimal conditions for inclusion formation with the current experimental design were 200 ng plasmid DNA per million cells and analysis at 8 days post-transfection. Staining for aB-crystallin revealed intranuclear inclusions in 5% of the cells expressing the expanded allele (Table 2) . Inclusions are generally solitary and intranuclear, as found in FXTAS cases. Interestingly, the percentage of inclusions in the cultured cells is comparable to the values found in post-mortem brain tissue of FXTAS patients (8, 9) .
The lymphoblastoid cell line (AG), derived from a normal control, was transfected using the optimal conditions mentioned earlier. No inclusions were found at any time point or for any concentration, suggesting that the non-neural lymphoblastoid cells may not support inclusion formation. Nevertheless, cytotoxic effects (decrease in cell viability quantified by flow cytometry of transfected cells stained with propidium iodide) were significantly greater (P ¼ 0.016) in lymphoblastoid cells transfected with the highest concentration of CMV -FMR(CGG) 88 -GFP, relative to either mock transfection or transfection with control plasmid. In a separate set of experiments designed to test the effects of CGG repeat size on toxicity, the cell line, AG, was transfected with a series of previously published CMV -FMR(CGG) n -luciferase plasmids (n ¼ 16, 30, 62 and 99 CGG repeats) (29) . No significant reduction in cell viability was observed in cells expressing 62 or fewer CGG repeats. However, cells expressing 88 CGG repeats suffered a 4-fold reduction in the number of viable cells (200 ng per million cells; 2 days post-transfection) (data not shown).
Antibodies used to detect ubiquitin in the intranuclear inclusions in FXTAS patients (8, 25) failed to demonstrate any reactivity to the aB-crystallin inclusions observed in cultured cells transfected with CMV -FMR(CGG) 88 -GFP. The
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anti-ubiquitin antibodies did detect perinuclear aggregates in cells expressing the expanded CGG repeat at 8 days; however, the significance of this last observation is not known, as such aggregates are not observed in the cells of FXTAS patients. In the current instance, the absence of costaining of the inclusions with anti-ubiquitin antibodies suggests that the accumulation of ubiquitinated proteins in the inclusions is a late event in inclusion formation/-maturation (Table 2) . Interestingly, within the first 24 h following transfection, cytoplasmic aB-crystallin aggregates are detected in cells expressing either the expanded CGG or control reporters; however, the aggregates formed during transfection with the control plasmid tend to disappear within 2 -3 days posttransfection. These cytoplasmic aggregates persist in nearly one-half of the cells expressing the expanded CGG repeat and are immunopositive for both aB-crystallin and lamin A/C, another protein present within the FXTAS inclusions (25) . The significance of these cytoplasmic aggregates is not known; however, they may reflect a redistribution of aggregated material in a dividing cell population.
Intranuclear inclusions are also observed in neural progenitor cells following transfection with the expanded CGG-repeat reporter To test whether inclusions could be induced in non-immortalized (primary) neural cells of a type that harbors inclusions in FXTAS (8), we transfected primary neural progenitor cells with either the CMV -FMR(CGG) 88 -GFP or CMVcontrol -GFP reporters under transfection conditions that were found to be optimal for SK cells (200 ng plasmid DNA per million cells). We found that neural cell survival was improved during transfection when the cells were subjected to electroporation in the presence of lymphoblastoid (support) cells in a 1: 1 ratio. As the neural progenitor cells, but not the support cells, adhere to the culture flasks, the latter could be removed and discarded with the cell culture medium 24 h post-transfection. As with the SK cells, intranuclear inclusions do form in primary neural cells expressing the CGG expanded repeat allele ( Fig. 1) , with optimal numbers of inclusions (6%) present at 8 days post-transfection. Again, the number of nuclei harboring inclusions is within the range found for astrocytes in FXTAS cases (8, 9) .
The expanded CGG repeat as RNA is cytotoxic to neural cells
As noted previously, transfection of neural cells with the expanded CGG-repeat reporter plasmid leads to decreased cell viability; however, this effect could be taking place through mechanisms that are operating either at the DNA or RNA level. To resolve this issue, SK cells were transfected with CMV -FMR(CGG) 88 -GFP, CMV -control -GFP or CMV(del) -FMR(CGG) 88 -GFP (which lacks a functional promoter), followed by incubation with propidium iodide. Fluorescence intensities of GFP, DsRed (transfection control) and propidium iodide were acquired by flow cytometry for 6 Â 10 4 cells per sample. No decreased cell viability was observed in cells transfected with either CMV -control -GFP or CMV(del) -FMR(CGG) 88 -GFP. Thus, the expanded CGG repeat, as DNA, does not contribute to cell toxicity. In contrast, the expanded CGG repeat as RNA transcript led to a significant reduction in cell viability (P ¼ 0.036) at 48 h post-transfection with 200 ng per million cells (Fig. 2) . Human Molecular Genetics, 2005, Vol. 14, No. 23 3663
Reorganization of lamin A/C in the nuclei of neural cells transfected with the expanded CGG-repeat reporter
Lamin A/C is now known to be a component of the intranuclear inclusions associated with FXTAS (25) . We therefore investigated whether SK cells transfected with CMV -FMR(CGG) 88 -GFP demonstrate any association of lamin A/C-with the induced inclusions. Expression of the expanded CGG-repeat mRNA does lead to the formation of lamin-positive inclusions in 2 -3% of transfected cells (Table 2 ). However, a much more striking finding is that expression of the expanded CGG repeat leads to a general disruption of the lamin A/C nuclear architecture, with loss of the uniform ring of lamin A/C at the nuclear perimeter ( Fig. 3 ) and additional dysregulation of lamin A/C within the nuclear matrix. This dysregulation is not present in mock-or control-transfected cells. In contrast, there is no significant difference in the numbers of cells with ring-like organization of lamin B between mock-transfected cells (60/82, 73.2%) and cells expressing CMV -FMR(CGG) 88 -GFP (111/169, 65.7%) (x 2 P ¼ 0.213) ( Fig. 3C and D) . This last observation suggests that the lamin dysregulation induced by the expanded CGG repeat is relatively specific for the lamin A/C species, consistent with the presence of lamin A/C (24) but not lamin B species, within the inclusions of FXTAS.
Expanded CGGs induce altered nuclear morphology SK cells transfected with the CMV -FMR(CGG) 88 -GFP construct also display altered nuclear morphology relative to cells expressing the CMV -control -GFP plasmid. In particular, expression of the expanded CGG repeat leads to significant nuclear enlargement, accompanied by greater deviation from a simple spherical shape of the nuclear perimeter (Figs 1   and 3 ). To quantify these effects, slides containing sorted, transfected SK cells were subjected to laser scanning cytometric analysis. Three nuclear properties were quantified: nuclear area, perimeter (contour length) and nuclear texture; this last property is a measure of the non-uniformity (granularity) of the nuclear matrix as reflected in variations in DAPI staining intensity within a single nucleus.
Cells expressing expanded CGGs have a much broader range of nuclear areas than the control-transfected cells (Fig. 4) , with a mean increase of 1.6-fold in area (Student's t-test, P ¼ 5.7 Â 10 214 ), 1.5-fold increase in nuclear perimeter (t-test, P ¼ 2.8 Â 10 215 ) and a 3.5-fold increase in texture (t-test, P ¼ 9.9 Â 10 228 ), compared with cells expressing control -GFP. The dramatic increase in texture values reflects a more uneven intensity of (DAPI) fluorescence, which corresponds to clumping of nuclear chromatin. We also asked whether the increases in nuclear perimeter were greater than expected for an overall increase in nuclear area (i.e. no change in shape) by comparing the ratio, r p,a ¼ perimeter/(area) 1/2 , between groups (88 CGG repeat versus control). In the absence of any change in nuclear shape between the two groups, r p,a should be the same for both groups; however, we observe a 23% increase in r p,a (t-test, P ¼ 2.0 Â 10 210 ) for the nuclei transfected with the 88 CGG-repeat plasmid, suggesting that the shape of the nuclear perimeter is less round for the larger nuclei.
Reduced cell viability associated with the expanded CGG repeat does not appear to be due to apoptotic cell death
The SK cells transfected with CMV -FMR(CGG) 88 -GFP and CMV -control -GFP were analyzed by flow cytometry (MoFlo); viable cells were scored on the basis of propidium 3664
iodide exclusion. At 8 days post-transfection, the surviving cell population expressing the expanded CGG repeat is decreased by more than 20-fold relative to the cell population expressing the control -GFP reporter (t-test, P ¼ 4.1 Â 10 205 ) or mock-transfected cells (data not shown). To determine whether cell loss was due to apoptotic cell death, cells were subjected to TUNEL assay, which was quantified by fluorescence microscopy. Cells cultured in the presence of 3 mM camptothecin (positive control for apoptosis) had 25% TUNEL-positive nuclei, whereas cells expressing the expanded CGG repeat had only 2% TUNEL-positive nuclei. Control cells (mock-transfected and CMV -control -GFP transfected) had ,0.5% TUNEL-positive nuclei. These results suggest that very little of the reduced cell viability is due to apoptotic cell death.
DISCUSSION
A human neural cell model has been developed, which is capable of forming intranuclear inclusions in response to expression of expanded CGG-repeat reporter mRNA. In the current cell culture model, the 5 0 -UTR of the GFP reporter has been replaced by the FMR1 5 0 -UTR harboring a premutation form of the CGG repeat (88 CGG repeats). The current observations provide further evidence of an RNA-based mechanism for the formation of the intranuclear inclusions of FXTAS because expanded CGG-repeat reporter constructs in which the CMV promoter has been inactivated do not lead to inclusion formation or reduced cell viability. Although the number of cells harboring inclusions is a small percentage of the total number of viable cells, they are comparable to the numbers (5%) found in cortical neurons from FXTAS patients (8, 9) .
The viability of neural cells expressing the expanded CGG repeat is reduced when compared with cells that are either mock-transfected or transfected with control -GFP plasmid. Although the observation of reduced cell viability is consistent with the findings of Handa et al. (30) , there is no compelling evidence in the current instance that cell loss is due to apoptosis. In terms of the relationship between cell loss and inclusion formation, it is noteworthy that there are greater numbers of inclusions following transfection with lower concentrations of expanded CGG-repeat reporter. However, in the absence of additional studies of the time course of cell loss and/or inclusion formation within individual cells, it is premature to speculate on the potential protective or toxic effects of the inclusions per se. Indeed, we cannot rule out that the greater inclusion counts observed for lower concentrations of transfecting DNA may be due to reduced loss of inclusion-bearing cells at earlier times following transfection.
The presence of aB-crystallin within the CGG repeatinduced inclusions is consistent with its presence within the intranuclear inclusions of FXTAS (25) and may reflect an early response to the cellular stress imposed by the expression of the expanded repeat. aB-crystallin is a member of the small heat shock protein (sHsp) family; it is thought to be involved both in the normal dynamics of cytoskeletal proteins (31 -35) and in the suppression of protein aggregation during cellular stress (34,36 -38) . Increased aB-crystallin immunoreactivity is seen in several neurodegenerative conditions, including Alexander's disease, Alzheimer's disease, Parkinson's disease and Creutzfeldt -Jakob disease (22, 27) . As each condition is characterized by the presence of aggregates of intermediate filaments (IFs) that normally associate with aB-crystallin (33,34,39 -41) , aggregate formation per se may reflect the failure of aB-crystallin to adequately resolve No ubiquitin was detected within the aB-crystallin-positive inclusions in SK cells, indicating that inclusion formation induced by the expanded CGG repeat is not a consequence of a failure to adequately degrade ubiquitinated proteins via the proteasomal degradation pathway (42 -45) . The current observations are consistent with an analysis of the inclusions of FXTAS (25) , where the five or six ubiquitinated proteins detected within the inclusions were present only as minor species and none appeared to be polyubiquitinated (i.e. targets for proteasomal degradation). Thus, incorporation of ubiquitin into the inclusions of FXTAS may be a late event in the pathogenesis of the disease.
A possible functional connection between lamin A/C and aB-crystallin was raised by recent experiments of Adhikari et al. (35) . The investigators suggested that aB-crystallin might be recruited to mitigate the effects of the stress. They demonstrated that heat shock causes both a substantial increase in the degree of co-localized aB-crystallin and disruption of the ring-like pattern of lamin staining at the nuclear periphery. Thus, in the current context, the expanded CGG repeat itself may provide a local 'stress,' perhaps through its (hypothesized) abnormal recruitment of one or more RNA binding proteins. However, the additional suggestion by Adhikari et al. (35) and others (46, 47) , namely that aB-crystallin and lamin A/C co-localize within splicing factor compartments (nuclear speckles), has been called into question by the recent demonstration of Večeřová et al. (48) that the earlier immunocytochemical studies used an antibody that was likely to be detecting non-lamin A/C epitopes (48) .
Expression of the expanded CGG-repeat RNA in cultured SK cells also results in the accumulation of lamin A/C within the intranuclear inclusions. This finding is in accord with the observation that lamin A/C is present within the neural cell intranuclear inclusions of FXTAS patients (25) . Furthermore, the expanded-repeat RNA leads to the disruption of the normal ring-like arrangement of lamin A/C at the The influence of LMNA mutations on the nuclear organization of A or B type lamins appears to depend on the location of the mutation within the lamin A/C coding sequence (51, 53) . For example, Reichart et al. (53) recently found that LMNA mutation R377H, responsible for AD-EDMD, does not influence lamin B2 organization at the nuclear periphery, similar to our current observations in which lamin A/C disruption is not accompanied by altered lamin B organization.
In addition to the close parallel between the morphological changes induced by expression of the expanded CGG repeat and the histopathology of some disease-forming LMNA mutations (intranuclear foci/inclusions, loss of lamin A/C from the nuclear periphery, nuclear enlargement/distortion), there exist parallels at the clinical level between the FXTAS and the laminopathies (50, 54, 55) . In particular, a specific mutation (R298C) in the LMNA gene causes an axonal (type 2), autosomal recessive form of Charcot -Marie -Tooth (CMT) disease, designated CMT2B1 (OMIM no. 605588) (55 -57) . Features of a CMT type 2 neuropathy are present in most FXTAS patients. All five subjects of the original report of FXTAS had signs of peripheral (lower distal extremity) neuropathy (1). In a follow-up study, 60% (12/20) of subjects had peripheral neuropathy (abolished reflexes, loss of vibration sense) on neurological exam (5). In the latter study, four patients had undergone nerve conduction studies, and nerve conduction velocities were mildly but clearly reduced in all four cases, consistent with an axonal (CMT type 2) neuropathy. We have since seen two patients in clinic (unpublished data) who had received a prior diagnosis of CMT, but were subsequently determined to have FXTAS. However, it is not known whether the mutation (R298C) giving rise to the CMT2B1 phenotype results in any altered organization of lamin A/C within the nuclei of affected cells. Finally, it is interesting to note that single point mutations within the LMNA gene (e.g. R298C, with CMT2B1) can lead to broad variation in the clinical phenotype, even within single families (58) . This variable penetrance is also a characteristic of the clinical presentation in FXTAS (7) .
CONCLUSION
We have demonstrated that an expanded CGG-repeat element, when transcribed, causes the induction of intranuclear inclusions in both immortalized (SK) and primary human neural progenitor cells in culture; transcripts containing the non-coding, expanded repeat element are also cytotoxic to both cell types. The inclusions contain aB-crystallin and lamin A/C, both present in the inclusions of FXTAS (25); however, the inclusions are ubiquitin-negative, suggesting that incorporation of ubiquitin proteins is a later stage of inclusion formation in the disease process.
A significant clinical feature of FXTAS is a peripheral (axonal) neuropathy that is similar to a form of type 2 CMT that is caused by mutations in the LMNA gene. On the basis of our current and previous findings, we hypothesize that FXTAS may represent a functional laminopathy; that is, abnormal lamin A/C function, induced by the expanded CGG repeat RNA, leads to many of the downstream effects involving both CNS and peripheral nerve pathology. Because the proposed lamin A/C dysfunction is not due to a single mutant form of LMNA, the dysfunction in FXTAS may result in a mixed lamin A/C phenotype. In this regard, we do see FXTAS cases with cardiac conduction defects as well as bulbar signs (e.g. difficulty in swallowing) (unpublished data), both features of other laminopathies (59) . Adding to the potential for a mixed CMT phenotype, another sHsp found within the inclusions of FXTAS, Hsp27, is also responsible for a form of axonal CMT (CMT2F) (60) .
On the basis of the role of aB-crystallin in organizing IFs, its recruitment to the nucleus in response to cellular stress, its co-localization with lamin A/C in the nucleus and the redistribution of lamin A/C in response to stress and/or specific LMNA mutations, we hypothesize further that the CGG repeat per se acts as the initial stressor, perhaps due to altered binding of proteins that are involved with co-transcriptional or post-transcriptional mRNA processing. Indeed, lamin A/C is known to be involved in both DNA replication and transcription through its interactions with numerous transcriptional mediators (61 -63) . The aB-crystallin response may be either due to the abnormal CGG -protein complex or due to some feature of the altered IF architecture within the nucleus.
The current cell model for inclusion formation will facilitate the dissection of the pathway from the initial expression of the expanded CGG repeat to the neurotoxicity and cell death that is undoubtedly responsible for the white matter disease and global brain atrophy observed in FXTAS.
MATERIALS AND METHODS
Plasmids CMV -control-GFP is identical to pEGFP-N1 (Clontech, BD Biosciences, CA, USA), which encodes a variant of the wildtype GFP, driven by a human CMV promoter that has been optimized for expression in mammalian cells.
Human Molecular
CMV-DsRed2-N1 (Clontech, BD Biosciences) encodes a DsRed variant that is optimized for high expression in transfected mammalian cells. Expression of this reporter can be monitored by flow cytometry and was used as a transfection marker.
CMV -FMR(CGG) 88 -GFP consists of a pEGFP-N1 backbone, into which has been inserted (between multiple cloning sites PstI and NcoI) the 5 0 -UTR region of the FMR1 gene (PstI-NcoI fragment) harboring a 88 CGG repeat allele. The PstI-NcoI fragment was derived from pCMV-(CGG) 99 -FL (64) . It should be noted that resizing of the CGG repeat yielded a somewhat lower number (88 CGG repeats) than cited in the earlier study.
CMV(del)-FMR(CGG) 88 -GFP was obtained by deleting the entire CMV promoter region (BglII -HindIII fragment) from CMV -FMR(CGG) 88 -GFP. The absence of expression in transfected cells was confirmed by fluorescent flow cytometry.
Plasmids were checked by restriction digestion to confirm CGG repeat stability following cloning and Endofree maxiprep plasmid purification (Qiagen, CA, USA), as described (29) . Briefly, plasmid DNAs were digested with BlpI/NheI and the fragments containing the CGG repeats were purified and loaded on a denaturing high resolution polyacrylamide gel together with molecular weight markers. Allele sizes were determined using FluorChem 8800 software (Alpha Innotech Corp., San Leandro, CA, USA). The CGG expansion size is 88+2 CGG repeats.
Cell culture
Human neurally derived SK-N-MC cells (30 and 40 CGG repeat FMR1 alleles) (ATCC, WA, USA) were maintained in Dulbecco's modified Eagle medium without phenol red (GIBCO, NY, USA), supplemented with 10% fetal bovine serum (GIBCO) and 1Â antibiotic -antimycotic solution (penicillin-G, streptomycin solution, amphotericin-B) (Gemini Bio-Products, CA, USA).
Neural progenitor cells from a normal female (SC007; 28 and 32 CGG-repeat FMR1 alleles) were isolated from the periventricular zone in the area of the head of the caudate nucleus regions, as previously described (65) . The primary culture was maintained in HAM's F-12 DME high glucose without L-glutamine (Irvine Scientific, CA, USA) and supplemented with 20% fetal calf serum.
Human lymphoblastoid cell line AG09391 (AG) (NIA Cell Repositories, NJ, USA), derived from a normal female (16 and 29 CGG-repeat FMR1 alleles), was maintained in RPMI medium 1640 without phenol red (GIBCO), supplemented with 10% fetal bovine serum (GIBCO) and 1Â antibioticantimycotic solution (penicillin-G, streptomycin solution, amphotericin-B) (Gemini Bio-Products).
Cell lines were genotyped for CGG number by PCR as described (66) .
Transient transfection
Cultured cells in their exponential growth phase were detached with 13 ml/cm 2 trypsin -EDTA (GIBCO). SK cells were transfected with 10, 200 or 1000 ng of CMV -control -GFP or CMV -FMR(CGG) 88 -GFP per million cells, using 100 ml of mouse astrocyte nucleofector solution/sample (Amaxa, MD, USA). The toxic effect of the expanded FMR1 CGG element was analyzed by transfecting SK cells with 200 ng per million cells of CMV -control -GFP, CMV -FMR(CGG) 88 -GFP or CMV(del) -FMR(CGG) 88 -GFP; all transfection reactions were co-transfected with 100 ng per million cells of CMV-DsRed2-N1 as a transfection control.
Neural progenitor cells were transfected with 200 or 1000 ng of CMV -control -GFP or CMV -FMR(CGG) 88 -GFP per million cells, using mouse astrocyte nucleofector solution (Amaxa). Cells were plated at a density of 1 Â 10 5 /cm 2 and incubated at 378C, 5% CO 2 . All samples were run at least in triplicate.
Selection of transformed cells
Ten million cells per sample were dissociated following incubation with 13 ml/cm 2 Trypsin -EDTA (1Â) (GIBCO) for 5 min at 378C and were resuspended in 500 ml Dulbecco's phosphate-buffered saline solution (GIBCO). Cells were filtered using a cell-strainer (Falcon, CA, USA), and 15 ml of propidium iodide (50 mg/ml) was added to each sample; the resulting suspension was incubated for 15 min at room temperature. Populations of viable cells expressing the reporter genes were recovered in 1 ml of fetal bovine serum (GIBCO) by gating propidium iodide-negative (viable) and GFP-positive single cells in a high speed MoFlo cell sorter (Cytomation, CO, USA). Fluors were excited by an Enterprise laser (Coherent, CA, USA), providing a 488 nm excitation wavelength (EGFP and propidium iodide have emission maxima of 507 and 617 nm, respectively). Multicolor analyses of at least three replicates, each consisting of 2.0 Â 10 4 cells, were acquired using Summit software (Cytomation) and analyzed using FloJo software (Treestar Inc., CA, USA).
Immunofluorescence staining
Initial immunofluorescence studies were performed on nonsorted SK cells at 3 h and 1, 4, 8 and 16 days post-transfection. Subsequent immunofluorescence experiments were performed on sorted cells. Sorted cells were either grown on Permanox 4 chamber slides (Nalge Nunc International, NY, USA) at a cell density of 3 Â 10 4 per chamber in 1 ml of appropriate culture media or spun from the cell suspension recovered by the cell sorter onto Superfrost Plus microscope slides (Fisher Scientific, PA, USA) at 1000 r.p.m. for 8 min at room temperature using a Cytofuge 2 (StatSpin, MA, USA). At selected time points following transfection, slides were fixed in Histochoice (Amresco, OH, USA) for 10 min, followed by three washes in PBS-T (10 mM sodium phosphate, 150 mM sodium chloride, pH 7.4, 0.1% polyethylene 20 sorbitan monolaurate) for 5 min each at room temperature.
Non-specific binding sites were blocked with 5% goat serum in PBS-T for 2 h. Slides were incubated overnight at 48C with primary antibodies diluted 1 : 500 in blocking solution: rabbit polyclonal anti-ubiquitin (Novus Biologicals, CO, USA); mouse monoclonal anti-ubiquitin (AbCam, MA, USA); mouse monoclonal anti-aB-crystallin (Stressgen,
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Human Molecular Genetics, 2005, Vol. 14, No. 23 Canada); goat polyclonal anti-lamin B (M-20) (Santa Cruz Biotechnology, CA, USA), which detects lamin B1, and to a lesser extent, lamin B2 and B3 (referred to collectively as lamin B); mouse monoclonal anti-lamin A/C (BD Transduction Laboratories, CA, USA), which recognizes both lamin A and C isoforms by 1D western blot (data not shown). Slides were washed extensively and incubated with 1:500 (v/v) Alexa 555 labeled goat anti-mouse IgG (Invitrogen Molecular Probes, OH, USA) or with Cy3 labeled donkey anti-goat (Jackson Immuno Research, PA, USA) for lamin B, for 2 h at 208C. Nuclei were stained with 2 mM DAPI (4 0 , 6-diamidino-2-phenyindole di-lactate). Slides were mounted with coverslips in the presence of ProLong mounting media (Invitrogen).
Neural progenitor and SK nuclei, as well as fluorescent stained proteins, were counted manually in multiple fields of triplicate slides at 100Â magnification using an Axioplan 2 fluorescent microscope (Zeiss, Germany). Images were acquired using IP Lab software (Scanalytics Inc., VA, USA).
Laser scanning cytometry
The nuclear morphology of sorted cells, immunostained with anti-lamin A/C antibody and counterstained with DAPI, was quantified using a laser scanning cytometer (LSC-1) (CompuCyte, MA, USA). Slides were scanned on an LSC-1 under a 20Â objective. Cells expressing CMV -control -GFP or CMV -FMR(CGG) 88 -GFP were excited with a 480 nm argon laser and their nuclei were contoured on the basis of nuclear (DAPI) fluorescence. Cell clusters were excluded from the analysis by gating as described (67) . The area, perimeter and texture of the DAPI-stained nuclei were determined for at least 250 cells per sample; analysis was performed using Wincyte software (CompuCyte). The area is defined as the number of pixels inside the contour of the nuclei; the perimeter is defined as the distance around the nuclei. The texture is defined as the variability of fluorescence intensity in the nuclei (higher texture values reflect coarse chromatin texture, whereas lower values reflect fine chromatin texture).
TUNEL assay
The extent of apoptotic cell death was analyzed in cells transfected with either CMV -control -GFP or CMV -FMR(CGG) 88 -GFP, using an in situ cell death detection kit (Roche, IN, USA), following the manufacturer's instructions. Positive controls for apoptosis consisted of cells cultured in the presence of 3 mM camptothecin (Sigma-Aldrich, MO, USA), incubated for 24 h at 378C. Controls for cell autofluorescence and negative controls were included, as suggested by the manufacturer. The degree of labeling of DNA strand breaks and alterations in cell morphology following DAPI staining were evaluated and quantified by fluorescence microscopy using an excitation wavelength of 515 nm. Systematic viability assays to quantify cell survival were considered beyond the scope of this work; such studies are in progress (unpublished data).
